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The L subunit of the RNA-dependent RNA polymerase of negative strand RNA viruses is believed to possess all the
enzymatic activities necessary for viral transcription and replication. Mutations in the L proteins of human parainfluenza virus
type 3 (PIV3) and vesicular stomatitis virus (VSV) have been shown to confer temperature sensitivity to the viruses; however,
their specific defects have not been determined. Mutant PIV3 L proteins expressed from plasmids were tested for
temperature sensitivity in transcription and replication in a minigenome reporter system in cells and for in vitro transcription
from purified PIV3 template. The single L mutants, Y942H and L992F, were temperature sensitive (ts) in both assays, although
viral RNA synthesis was not completely abolished at the nonpermissive temperature. Surprisingly, the T1558I L mutant was
not ts, although its cognate virus was ts. Thus the ts defect in this virus may be due to the abrogation of an essential
interaction of the mutant polymerase with a host cell component, which is not measured by the RNA synthesis assays. Most
of the combinations of the PIV3 L mutations were not additive and did not show temperature sensitivity in in vitro
transcription. Since they were ts in the minigenome assay in vivo, replication appears to be specifically defective. The ts
mutations in PIV3 and VSV L proteins were also substituted into the Sendai L protein to compare the defects in related
systems. Only Sendai Y942H L was ts in both transcription and replication. One Sendai L mutant, L992F, gave much better
replication than transcription. Several other mutants could transcribe but not replicate in vitro, while replication in vivo was
inormal. © 2000 Academic Press
INTRODUCTION
Negative (2) strand, nonsegmented RNA viruses
share similar genome structures and mechanisms for
transcription and replication (for reviews, see Kingsbury,
1991; Lamb and Kolakofsky, 1996). These viruses utilize a
virion-encoded RNA-dependent RNA polymerase com-
posed of two subunits, the phosphoprotein (P) and the
large protein (L). The template for all RNA synthesis is
the genome RNA encapsidated by the nucleocapsid pro-
tein. Transcription initiates at the 39 end of the template
and gives the sequential synthesis of (1) strand leader
(le1) RNA and the individual monocistronic mRNAs in
the order of the genes. Genome replication yields full
length (1) and then (2) strand genomic RNAs, where
synthesis is obligatorily coupled to the simultaneous
encapsidation with NP protein to form the nucleocapsid.
We are particularly interested in understanding the
functions of the L subunit of the Sendai virus RNA poly-
merase as a prototype for (2) strand RNA viruses. Se-
quence comparisons of a number of L proteins revealed
six conserved domains, I–VI (Poch et al., 1990; Sidhu et
al., 1993), which are thought to be important for the
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190catalytic activity of the protein. Although for several fam-
ilies of this class of viruses temperature-sensitive (ts) L
mutants have been isolated (Pringle, 1991), there are
relatively few mutants where the defect has been char-
acterized at the molecular level. For the paramyxovirus
parainfluenza virus type 3 (PIV3), data suggested that the
L polymerase protein of cp45, a ts vaccine candidate
virus, contained three amino acid substitutions, at posi-
tions 942, 992 (both in domain IV), and 1558 (located
between domains V and VI), which all contributed to its
temperature sensitivity (Ray et al., 1996; Stokes et al.,
1993). To study the contributions that these mutations,
individually and together, made to the phenotype of cp45,
recombinant PIV3 viruses with all combinations of the L
changes were recovered from cDNA (Skiadopoulos et
al., 1998). The substitutions at amino acids 992 and 1558
each independently gave a 105-fold reduction in viral titer
at the nonpermissive temperature, the change at 942
gave a 300-fold decrease, while the triple L mutant gave
the most reduction, confirming the ts phenotype of each
change. The nature of the defect in RNA synthesis with
the mutant L proteins was not determined. For respira-
tory syncytial virus (RSV), a distantly related paramyxo-
virus, three attenuating ts mutations have also been
dentified in the L protein (Juhasz et al., 1997, 1999;hitehead et al., 1999b). Analysis of RNA synthesis with
two of these RSV L mutations showed that they specify
v
m
i
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ach mutemperature-sensitive defects in both RNA replication
and mRNA synthesis (Juhasz et al., 1999a). Substitution
of one of these changes at the conserved amino acid 456
(located in domain I) in the wildtype (wt) PIV3 L protein
also gave a ts virus (Skiadopoulos et al., 1999); however,
the RNA defect is not known in this virus.
Finally, the tsG16 mutant of the Indiana subgroup of
esicular stomatitis virus (VSV) belongs to the L comple-
entation group. tsG16 makes long poly(A) tracts during
n vitro transcription at both permissive and nonpermis-
ive temperatures and more polycistronic mRNA than
oes its parent virus at both temperatures in vivo (Hunt,
1983; Hutchinson et al., 1992). The defects were mapped
to the L protein (Hunt et al., 1984). Sequence analysis of
the L gene of tsG16 and revertants which lost either the
ts or polyadenylation phenotypes showed that the
poly(A) phenotype was associated with a single F1488S
change (located between domains V and VI) and ther-
mosensitivity with a C1291Y change (located in domain
FIG. 1. Comparisons of the PIV3, VSV, and Sendai (SV) L sequences in
I–VI, in the Sendai L protein (Poch et al., 1990; Sidhu et al., 1993). (Bottom
acid by single letter designation, the amino acid number, and then the
and B) are in domain IV, amino acid 1558 (C) is between domains V and
shows the amino acid sequences for the 20 amino acids surrounding e
of the amino acids.
ts L MUTATIONSV) (Hunt and Hutchinson, 1993).
In the case of the PIV3 ts L mutations it is presumedthat the defect in the proteins at the nonpermissive
temperature will be in some aspect of RNA synthesis,
although this has not been addressed. For VSV it has
been shown that transcription is defective in the ts L
mutant; however, it is not known if there is any effect on
replication. To address the nature of defects caused by
the PIV3 and VSV L mutations we have taken two ap-
proaches. First, we have assayed the activity of PIV3
mutant L proteins synthesized from plasmids at permis-
sive and nonpermissive temperatures for overall RNA
synthesis in a minigenome CAT reporter system in cells
and for in vitro transcription from purified PIV3 nucleo-
capsid template. Second, we have transferred the PIV3
and VSV ts mutations to the L gene of Sendai virus (Fig.
1) to determine and compare the nature of the RNA
defects in a related system where we can assay tran-
scription and replication independently. The wt amino
acids at 942 and 992 are identical in the PIV3 and Sendai
L proteins, so the ts substitutions Y942H and L992F are
gions of the ts mutations. (Top) A schematic of the conserved domains,
irst column shows the virus and the second column the wildtype amino
change(s) for the L protein of each virus. Amino acids 942 and 992 (A
amino acid 1371 (D, 1241 in VSV) is in domain V. The righthand column
tation site, which is indicated by an asterisk. The dots indicate identity
191NDAI AND PIV3the re
) The f
mutant
VI, and
IN SEcomparable. For the PIV3 T1558I and VSV C1291Y muta-
tions the wt amino acids in the cognate positions of
t
t
l
T
t
a
i
t
t
m
t
b
p
a
t
p
c
P
a
t
b
c
a
p
s
i
t
m
3
s
w
ER ETSendai L protein are different. For these two amino acid
substitutions we changed the corresponding positions in
the Sendai L protein to both the corresponding heterol-
ogous wt and mutant amino acids present in the PIV3 or
VSV L proteins.
RESULTS
RNA synthesis by PIV3 L mutants in a CAT
minigenome assay at different temperatures
A CAT reporter minigenome assay was used to assess
the overall activity of the PIV3 L mutants with changes at
amino acids 942, 992, and 1558 alone or in combination
in viral RNA synthesis (Durbin et al., 1997). V V T 7-in-
fected cells were transfected with plasmids encoding the
wt PIV3 P, N, and wt or mutant L proteins, along with the
pCAT minigenome plasmid, and the cells were incubated
at 32, 39, or 40°C. The T7 RNA polymerase transcribes a
minus sense CAT RNA, containing the termini of PIV3
genomic RNA. Encapsidation by the N protein creates a
template that can be replicated and transcribed by the
viral P–L polymerase complex. CAT enzyme activity in
extracts of the cells was assayed as described under
Materials and Methods as a measure of polymerase
activity. Wildtype L gave high levels of minigenome tran-
scription and replication as measured by CAT activity at
each temperature, while little or no activity was observed
at any temperature with pCAT alone or in transfections
missing the L plasmid (Fig. 2). Each of the L mutants
gave significant, although not necessarily wildtype, CAT
activity at the permissive temperature of 32°C (Fig. 2).
The mutants 992 and 992/1558 gave partial CAT activity
(26–35%) at the nonpermissive temperatures, whereas
most of the remainder of the L mutants did show a
significant reduction (.86%) in CAT activity, particularly
at the higher temperature, demonstrating the thermosen-
sitivity of L activity. One striking exception was that mu-
tant 1558 did not give reduced CAT activity at either 39°
or 40°C and so was not ts in this assay, despite the fact
hat a recombinant virus containing this single L muta-
ion was ts for growth in tissue culture cells (Skiadopou-
os et al., 1998).
emperature sensitivity of the PIV3 L mutants in
ranscription in vitro
The final CAT activity in the minigenome assay reflects
combination of viral transcription and replication where
t is not possible to distinguish the effect of the L muta-
ion on the individual processes. To overcome this limi-
ation we also independently assayed PIV3 L-protein-
ediated transcription on purified PIV3 template. The
emperature sensitivity of the mutants could theoretically
e measured either by synthesizing the proteins at the
192 FELLermissive temperature followed by comparing activities
t the permissive versus nonpermissive temperatures orby synthesizing the proteins at the nonpermissive tem-
perature and then assaying activity at the permissive
temperature. Since even the wt L protein has no activity
in vitro when assayed at the higher temperatures (data
not shown), we were constrained to the latter approach.
We have defined the mutants as ts if they exhibit a
hreefold or more reduction in RNA synthesis when the
roteins are synthesized at an elevated temperature
ompared to a lower temperature (31° or 32°C).
V V T 7-infected cells were transfected with the PIV3 N,
, and wt or mutant L plasmids and incubated overnight
t the permissive (31°C) and nonpermissive (39.6°C)
emperatures. Cytoplasmic cell extracts were then incu-
ated at 30°C with polymerase-free PIV3 RNA-nucleo-
apsid protein (N) template in the presence of [a32P]CTP
nd the total mRNA products analyzed. The wt L and P
roteins synthesized viral mRNA (Fig. 3A, lane 2), with no
ynthesis seen using a mock extract from cells that were
nfected but not transfected, as expected (lane 1). All
hree of the single mutants made at 31°C synthesized
RNA at a level near or better than wt L (Fig. 3A, lanes
–5), while the double and triple mutants gave reduced
ynthesis (32–61%, lanes 6–9). Mutants 942 and 992
ere ts, with a three- to fourfold reduction of mRNA
synthesis at 39.6°C; however, 1558 gave better than the
wt L activity at the nonpermissive temperature and was,
therefore, not ts (Fig. 3B, lanes 3–5), in agreement with
the results from the CAT assay (Fig. 2). The double
mutants, 942/1558 and 992/1558, and the triple mutant
also did not show a reduction in activity relative to wt L
at the nonpermissive temperature; however, 942/992
gave a threefold drop in activity (Fig. 3B, lanes 6–9). Thus,
transcription was not completely abolished at the non-
permissive temperature with any of the mutants and it
appears that the presence of the 1558 mutation actually
rescues the temperature sensitivity of the L protein in the
combinations of mutations.
To confirm that the PIV3 L mutants were synthesized
at similar levels in transfected cells, radiolabeling
analysis was performed. V V T 7-infected cells were
transfected with PIV3 wt P and wt or mutant L plas-
mids and radiolabeled with 35S-labeled amino acids at
either 31° or 39.6°C overnight. Analysis of the total
protein products by gel electrophoresis showed that
each of the full-length mutant L proteins was synthe-
sized in nearly the same amount as wt L at that
temperature and that wt P was similarly expressed
with each mutant L (Figs. 3C and 3D). At the higher
temperature the synthesis of all the L proteins was
significantly and similarly reduced, while P was not as
reduced. The four- to fivefold reduction in the amount
of wt L protein at 39.6°C, compared to that at 31°C,
AL.was about the same as the reduction in absolute
amount of wt L activity (data not shown).
mCAT acTemperature sensitivity of the Sendai L mutants in
transcription in vitro
We constructed the known PIV3 and VSV ts mutations
in the L gene of Sendai virus (Fig. 1) by site-directed
mutagenesis as described under Materials and Meth-
ods, to test their effect in a heterologous system. The wt
amino acids at 942 and 992 are identical in the PIV3 and
Sendai L proteins, so the substitutions Y942H and L992F
are comparable. For the ts PIV3 T1558I and VSV C1291Y
FIG. 2. Relative activity of the hPIV3 cp45 L protein mutants in the C
were transfected with plasmids expressing the N, P, and the indicated w
were prepared after incubation at the indicated temperatures. Relative
activity of wt L was set at 1.00.
ts L MUTATIONSmutations the wt amino acids in the cognate positions of
Sendai L protein are different, so we changed these
t
samino acids in Sendai L to both the heterologous wt and
mutant amino acid (Fig. 1). We then tested if these Sen-
dai L mutants were ts in any aspect of viral RNA synthe-
sis. V V T 7-infected cells were transfected with Sendai
wt P and wt or mutant L plasmids and the cells incubated
at 31°, 37°, or 39.6°C. Cytoplasmic cell extracts were
incubated at 30°C with polymerase-free Sendai RNA-NP
template in the presence of [a32P]CTP and the total
RNA products analyzed. The wt Sendai L and P pro-
igenome assay at different temperatures. V V T 7-infected HEp-2 cells
tant L proteins along with a CAT-PIV3 minigenome plasmid. Cell lysates
tivity (below) was determined by thin-layer chromatography, where the
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ated.using a mock extract from cells that were infected but not
transfected, as expected (lanes 1). The L proteins with
mutations at amino acids 992, 1558, and 1361 gave
significant (51–100% of wt L) activities when synthesized
at 31°C, which were reduced less than twofold when
synthesized at either 37° or 39.6°C (Figs. 4A–4C, Table
1). These mutants are, therefore, only marginally ts. In
contrast, Y942H was more defective at the permissive
temperature (35% activity) (Fig. 4A, lane 3) and was ts
since mRNA synthesis was virtually abolished when the
protein was synthesized at 39.6°C (Fig. 4C, lane 3, Table
1). The identical Y942H mutation in PIV3 L was also the
most ts mutant in transcription in vitro (Fig. 3).
To confirm that the viral proteins were being synthe-
sized to similar levels, both radiolabeling and immuno-
blot analyses were performed. Infected cells were trans-
fected with the P and wt or mutant L plasmids and
radiolabeled with 35S-labeled amino acids overnight.
nalysis of the total protein products by gel electro-
horesis showed that except for Y942H each of the
utant L proteins was full length and synthesized in
mounts similar to wt L at 37°C (Fig. 4D) and also at the
ther two temperatures (data not shown). All Sendai L
ynthesis at 39.6°C was reduced about fourfold relative
FIG. 3. In vitro transcription with the PIV3 L mutants. V V T 7-infected
P plus the indicated wt or mutant PIV3 L plasmids and incubated at
temperature were then incubated at 30°C with polymerase-free hPIV3
and Methods. Labeled RNA products were purified, separated by gel e
(B) is four times that of (A). Transcription activity (%, below) is compared
transfected cells were incubated with Express-35S at 31° and 39.6°C .
was identical for each. The positions of the L and P proteins are indic
194 FELLo that at 31°C, as was observed for PIV3 L. Y942H L
rotein was somewhat reduced in amount at each tem-
w
aerature (lane 3, data not shown), accounting for part, but
ot all, of the loss of transcriptase activity. Wt P was
imilarly expressed with each L protein. Immunoblot
nalysis of the extracts used for transcription also
howed that the P protein was equally expressed with
ach L protein (Fig. 4E).
emperature sensitivity of the Sendai L mutants in
efective interfering (DI)-H RNA replication in vitro
The Sendai L mutants were also assayed to determine
f viral RNA replication was affected by the temperature
f synthesis of the proteins. The mutants were assayed
y two separate methods for the ability to replicate a viral
emplate to generate full-length, encapsidated products.
he first method, in vitro replication, measures the ability
f the viral polymerase to catalyze a single round of
eplication using template purified from the defective
nterfering virus DI-H. V V T 7-infected cells were trans-
ected with plasmids encoding the Sendai wt P, NP, and
t or mutant L proteins, and the cells were incubated at
ifferent temperatures. Cytoplasmic cell extracts were
ncubated with polymerase-free DI-H RNA-NP template
nd radiolabeled nucleotide at 30°C and then treated
cells were transfected with either no plasmids (Mock) or with wt PIV3
1°C (A, C) or 39.6°C (B, D). Cytoplasmic extracts from cells at each
template in the presence of [a32P]CTP as described under Materials
oresis, and quantitated on the phosphorimager. The exposure time of
L as 100% and is the average of three experiments. (C and D) Infected,
toplasmic extracts were separated by SDS–PAGE. The exposure time
AL.A549
either 3
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ER ETith nuclease and the nuclease-resistant, nucleocapsid-
ssociated RNA analyzed by gel electrophoresis. Wt L
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Msynthesized at each temperature gave high replication of
DI-H RNA, while no product was seen in the mock
transfections (Figs. 5A–5C, lanes 2 and 1, respectively).
The replication activities of the Sendai L mutants were
very different than their transcription activities. Y942H
and L992F L, which gave reduced mRNA synthesis when
made at 31°C (Table 1), were better than wt L in DI-H
RNA replication at the permissive temperature (Fig. 5A,
lanes 3 and 4). L992F L remained wt for in vitro replica-
tion when synthesized at the higher temperatures, how-
FIG. 4. In vitro transcription with the Sendai L mutants. V V T 7-infec
plus the indicated wt or mutant Sendai L plasmids and incubated at
ifferent temperatures were then incubated at 30°C with polymerase
products were purified and separated by gel electrophoresis. The positi
were incubated with Express-35S at each of the three temperatures.
expressed at 37°C are shown. (E) Samples of (C) were analyzed by imm
T
RNA Synthesis wi
L mutant
Transcription in vitro (°C)
31 37 39.6 31
WT 100 100 100 100
Y942H 35 8 3 123
L992F 51 33 30 140
L1558T 80 48 50 10
L1558I 81 74 56 15
L1361C 101 90 76 17
L1361Y 67 50 52 11
ts L MUTATIONSNote. The mutant L proteins synthesized at the indicated temperatures were
aterials and Methods. The data are the average of two to three experimenever, Y942H was significantly reduced (eightfold, Figs. 5B
and 5C, lanes 4 and 3) and was thus ts for both tran-
cription and replication in vitro (Table 1). In contrast,
ach of the mutations at amino acids 1558 and 1361 were
educed .80% for replication regardless of the temper-
ture of synthesis (Figs. 5A–5C, lanes 5–8), while tran-
cription remained relatively unaffected (Table 1). These
mutations thus uncouple transcription and replication.
mmunoblot analysis of the replication extracts at 37°C
Fig. 5D) and 31° and 39.6°C (not shown) showed that
9 cells were transfected with either no plasmids (Mock) or wt Sendai
), 37°C (B), or 39.6°C (C). (A–C) Cytoplasmic extracts from cells at the
endai RNA-NP template in the presence of [a32P]CTP. Labeled RNA
e NP and P mRNAs is indicated. (D) Parallel infected, transfected cells
cytoplasmic extracts were separated by SDS–PAGE, but only those
t with a-P antibody. The positions of the L and P proteins are indicated.
endai L Mutants
cation in vitro (°C) Replication in vivo (°C)
37 39.6 31 37 39.6
100 100 100 100 100
15 14 132 54 1
134 227 134 71 193
5 6 148 15 0
19 11 173 28 0
14 1 192 25 0
15 4 195 15 0
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L protein.
Temperature sensitivity of the Sendai L mutants in
DI-H RNA replication in vivo
The second method for assaying the capacities of the
utant L proteins to catalyze replication of the viral
enome is in vivo replication, which measures the ability
f the viral polymerase to direct multiple rounds of rep-
ication from DI-H template transcribed in transfected
ells. V V T 7-infected cells were transfected with plas-
ids encoding the wt Sendai P, NP, and wt or mutant L
roteins, along with pSPDI-H, the DI-H genomic plasmid
Myers and Moyer, 1997), or with pSPDI-H alone and the
ells incubated at the various temperatures. In these
ells T7 RNA polymerase transcribes full-length (1)
sense DI-H genomic RNA, which has an authentic 39 end
ue to the action of the hepatitis delta ribozyme at the
nd of the primary transcript. The DI-H transcript is
onspecifically encapsidated by NP protein to serve as a
FIG. 5. In vitro DI-H RNA replication with the Sendai L mutants.
V V T 7-infected cells were transfected with either no plasmids (Mock)
or with wt P and NP and the indicated wt or mutant L plasmids and
were incubated at 31°C (A), 37°C (B), or 39.6°C (C). Cytoplasmic
extracts were made, incubated at 30°C with polymerase-free DI-H
RNA-NP template in the presence of [a32P]CTP, then digested with
micrococcal nuclease, and the purified nuclease-resistant labeled rep-
lication products analyzed by gel electrophoresis. The position of the
DI-H RNA is indicated in each panel. (D) Immunoblot analysis with a-P
nd a-SV antibodies of proteins synthesized at 37°C. The positions of
he P and NP proteins are indicated.
96 FELLemplate for multiple rounds of replication by the viral
olymerase. Cytoplasmic extracts were prepared and sthe products were digested with micrococcal nuclease
to degrade all nucleic acids except for encapsidated
RNA products. The (2) sense replication products were
detected by Northern blot analysis with a 32P-labeled (1)
sense DI-H-specific riboprobe. Wt L at each temperature
replicated DI RNA to high levels, but the DI-H plasmid
alone did not replicate (Figs. 6A–6C, lanes 2 and 1).
Surprisingly, the four mutants at amino acids 1558 and
1361 synthesized at 31°C gave higher than wt L levels of
replication in vivo, in contrast to their impaired in vitro
replication at that temperature (Fig. 6A, lanes 5–8, Table
1), suggesting that the intact host cell may be providing
a function at the permissive temperature to rescue rep-
lication. This activity is not found in the cell extracts.
Most of the L mutants were ts for in vivo replication,
giving very little or no DI-H RNA product when the pro-
teins were synthesized at the higher temperatures in
vivo, with the exception of L992F, which remained active
as it did in in vitro replication (Figs. 5B and 5C). These
results are in contrast to the marginal temperature sen-
sitivity for transcription with the mutants at amino acids
1558 and 1371 (Table 1). Immunoblot analysis of the
replication extracts at 37°C (Fig. 6D) and 31° and 39.6°C
FIG. 6. In vivo DI-H replication with the Sendai L mutants. V V T 7-
infected cells were transfected with either pSPDI-H plasmid alone
(Mock) or with pSPDI-H plus wt Sendai P and NP and the indicated wt
or mutant L plasmids and incubated at 31°C (A), 37°C (B), or 39.6°C (C).
Cytoplasmic extracts made of the cells were directly digested with
micrococcal nuclease and the nuclease-resistant replication products
synthesized in the cells were purified and analyzed by Northern blotting
with a (1) strand DI-H riboprobe as described under Materials and
Methods. The position of the DI-H RNA is indicated in each panel. (D)
AL.Immunoblot analysis with a-P and a-SV antibodies of proteins synthe-
ized at 37°C. The positions of the P and NP proteins are indicated.
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IN SE(data not shown) showed that the P and NP proteins
were equally expressed with each L protein.
DISCUSSION
Our studies are directed toward understanding the
functions of the L subunit of the Sendai virus RNA poly-
merase in transcription and replication. In a number of
virus systems the use of ts mutants has contributed
significantly to the understanding of the functions of
individual viral proteins. Although for several families of
(2) strand RNA viruses ts L mutants have been isolated
Pringle, 1991), the nature of most of the defects has not
een determined. We have taken a comparative ap-
roach to understanding the effect of ts mutations on L
unction by the analysis of identical mutations in Sendai
nd PIV3 L proteins. In this regard the identification of
everal missense mutations, at amino acids 942, 992,
nd 1558, in the human PIV3 L polymerase protein which
ach render its cognate recombinant virus ts and atten-
uated (Skiadopoulos et al., 1998) is especially interest-
ing. We proposed that these L mutations would give a
defective phenotype in some aspect of PIV3 RNA syn-
thesis and, therefore, mutant PIV3 L proteins expressed
from plasmids were tested for temperature sensitivity in
transcription and replication in a minigenome reporter
system in tissue culture cells and for in vitro transcription
from purified PIV3 template.
The single PIV3 L mutants, Y942H and L992F, were
temperature sensitive (ts) in both assays, with 942 being
more defective than 992 (Figs. 1 and 2). Viral RNA syn-
thesis, however, was not completely abolished in either
case at the nonpermissive temperature. The titer of re-
combinant PIV3 bearing the L992F mutation was 105-fold
reduced at the nonpermissive temperature in cell cul-
ture, while that of the Y942H recombinant virus was
300-fold decreased (Skiadopoulos et al., 1998). Thus the
egree of temperature sensitivity in assays of L function
n RNA synthesis did not necessarily correspond in par-
llel with the temperature sensitivity of the replication of
he virus in cell culture. Surprisingly, the PIV3 T1558I L
as wildtype in both assays of RNA synthesis at the
onpermissive temperature, although its cognate recom-
inant virus was ts, i.e., it was 105-fold reduced in repro-
uction in cell culture at the nonpermissive temperature.
he ts defect in this latter virus may be due to the
brogation of an essential, but as yet unknown, interac-
ion of the mutant polymerase with a host cell compo-
ent, which is not measured by the RNA synthesis as-
ays. The double mutant 942/992 was the most ts in
-mediated RNA synthesis and gave a 106-fold reduction
n PIV3 yield at 40°C. Combinations of the 1558 L muta-
ion with the other L mutations were not additive and the
ddition of the1558 mutation actually appeared to have
ts L MUTATIONSartially rescued function in in vitro transcription, as was
lso noted for virus yield. Since these combinations ofutants were ts in the minigenome assay in vivo, which
easures a combination of both transcription and repli-
ation, but were not ts in transcription in vitro, replication
ppears to be specifically defective in these mutants.
urrently an in vitro PIV3 replication system is not avail-
ble to test this hypothesis. One caveat of the experi-
ents to measure PIV3 transcription in vitro is that the L
roteins that are synthesized at the nonpermissive tem-
erature may refold and be reactivated when they are
ssayed for activity at the permissive temperature, as we
ave done here. It is possible, therefore, that we may
ave missed a defective phenotype for some of the PIV3
utants; however, currently we cannot measure in vitro
ctivity directly at the nonpermissive temperature.
The three ts L mutations in PIV3 and as well as one in
SV L were also substituted into homologous regions of
he Sendai L protein to compare the phenotypes in a
elated virus system where we can independently mea-
ure transcription and replication by the polymerase.
nly Sendai Y942H L was ts in both transcription and
eplication (Table 1), indicating that this mutation speci-
ied similar functional impairment in both Sendai and
IV3 L proteins. This result was not unexpected since
his mutation lies in a region of high homology between
he two proteins and amino acid 942 is identical in both
proteins (Fig. 1). Although the amino acid at residue
92 was also identical in both Sendai and PIV3 L pro-
eins and the surrounding 20 amino acids had higher
dentity than the region around amino acid 942 (95%
ersus 85%, Fig. 1), the functional defect specified by the
992F mutation differed for the two proteins. Whereas
he PIV3 L992F L protein was ts in both transcription and
eplication, Sendai L992F L was not ts in either assay,
although its function was affected by the mutation, with
transcription being impaired at both permissive and non-
permissive temperatures (Table 1). Replication, in con-
trast, was not affected at all. The observation that the
identical mutation in the PIV3 and Sendai L proteins did
not specify the same defects indicated that sequence
differences between these proteins must be responsible
for the phenotypic differences.
We have recently isolated mutants in Sendai L protein
in domains IV and VI that are ts for transcription and
replication in vitro (Feller et al., 2000). One of these, SS3,
with changes in amino acids 1004–1006 just downstream
of amino acid 992, was ts for both transcription and
replication. Interestingly, another mutant SS1 with
changes in amino acids 943–945 immediately adjacent
to 942 was wildtype for all RNA synthesis (Feller et al.,
2000). It will be of interest to make recombinant Sendai
viruses bearing the ts L mutations to determine if virus
replication in cells is also ts. By analogy with our data in
the PIV3 system, it may also be that Sendai L mutants
that were not identified as ts by in vitro RNA synthesis
197NDAI AND PIV3may well be so in recombinant virus.
Since the amino acid in Sendai L at positions 1558
s
o
p
c
o
(
V
m
o
S
a
m
c
t
t
t
p
d
t
a
w
e
D
r
c
o
S
ER ET(between domains V and VI) and 1361 (in domain V) were
not identical with those of PIV3 and VSV, respectively,
and since these regions, especially around amino acid
1361, had little identity (Fig. 1), we substituted both the
wildtype and mutant amino acid of each virus into the
corresponding region in Sendai L. In each of these cases
the mutations did not lead to a ts defect, but rather to the
uncoupling of transcription and replication, where these
L proteins synthesized mRNA, but did not replicate DI-H
genome RNA in vitro irrespective of the temperature of
ynthesis of the proteins (Table 1). Thus in a less homol-
gous or nonhomologous region one cannot predict the
henotype of presumably analogous amino acid
hanges. We have previously identified mutations in
ther regions of the Sendai L protein, including domain I
L9, L10, L14); domain II (2-3); domain III (K666A); domain
(SS17–SS20, SS22, SS23); and another between do-
ains V and VI (C1571Y), which all lead to the uncoupling
f transcription and replication (Chandrika et al., 1995;
mallwood et al., 1999; S. A. Moyer, unpublished data;
nd Horikami and Moyer, 1995). We propose that these
utations abolish the interaction of the P–L polymerase
omplex with the NP–P substrate which is required for
he encapsidation of the nascent replicative RNA. Since
his phenotype was observed with mutants throughout
he L protein, the data suggest that these regions of the
rotein are interacting, perhaps constituting a nonlinear
omain by the folding of the polypeptide.
Another interesting feature of the amino acid substitu-
ions in Sendai L at amino acids 1558 and 1361 is that the
ssay of DI-H RNA replication in vitro and in vivo gave
different results (Table 1). Replication in vivo for all four
mutants was better than wildtype L at the permissive
temperature, but was abolished at 39.6°C and was thus
ts. However, even at the permissive temperature there
as very little replication in vitro. It appears that some
function of the intact cell is stabilizing these L mutants at
31°C, but not at higher temperatures, a function that is
not reproduced in cell extracts. One possible explanation
is that in vivo replication is inherently better than that in
extracts; however, we do not observe this phenotype in
most other Sendai L mutants, although we recently have
found two mutants in domain V of Sendai L that have a
similar phenotype (unpublished data). Further work will
be required to understand the mechanisms of the differ-
ent phenotypes that are observed by mutagenesis of the
Sendai L protein; however the extrapolation of pheno-
types for similar mutations from one viral polymerase
protein to another is clearly not straightforward.
MATERIALS AND METHODS
Cells, viruses, and antibodies
HEp-2 cells were used for PIV3 minigenome assays
198 FELLand A549 human lung carcinoma cells were used for all
other experiments. Sendai virus (Harris strain) and its DI
S
Gparticle DI-H were propagated in embryonated chicken
eggs as previously described (Carlsen et al., 1985). Poly-
merase-free nucleocapsid template (RNA-NP) was iso-
lated from both purified wt Sendai and DI-H viruses by
high-salt treatment and CsCl gradient centrifugation as
previously described (Horikami et al., 1992). Wildtype
human PIV3 (JS strain) (Skiadopoulos et al., 1998) was
grown in LLC-MK2 cells and purified by sucrose density
gradient centrifugation. Polymerase-free PIV nucleocap-
sid template was isolated from purified wt virus by high-
salt treatment alone, as CsCl centrifugation gave inactive
template. Transcription of transfected plasmids was me-
diated by infection with a vaccinia virus recombinant,
V V T 7, which expresses the bacteriophage T7 RNA poly-
merase (Fuerst et al., 1986). The antibodies employed
were rabbit polyclonal anti-Sendai virus (a-SV; Horikami
t al., 1992), Sendai anti-P peptide (a-P; a generous gift of
r. K. Gupta, Rush Medical Center, Chicago, IL), and
abbit anti-trpE/Sendai L fusion protein (a-L; Horikami et
al., 1992).
Plasmids and mutagenesis
The pTM-1 plasmids containing the hPIV3 L, N, and P
genes and the minigenome HPIV3-CAT 12 plasmid, all
under the control of the T7 promoter, were as described
previously (Durbin et al., 1997). PIV3 pTM(L) plasmids
containing the L mutations from the cp45 vaccine candi-
date virus in all possible combinations of the three amino
acid substitutions at positions 942, 992, and 1558 were
as described by Skiadopoulos et al. (1998). The pGem
plasmids containing the Sendai virus L, NP, P/C, and
Pstop (expressing only P due to a stop codon in the C
open reading frames) genes under the control of the T7
promoter have been described previously (Curran et al.,
1991, 1994). The DI-H plasmid pSPDI-H expresses from
the T7 promoter a full-length DI-H (1) sense genomic
RNA (Myers and Moyer, 1997). Plasmids encoding the
Sendai L proteins with mutations from either PIV3 L
(Skiadopoulos et al., 1998) or VSV L (Hunt and Hutchin-
son, 1993) were generated either by plasmid-based mu-
tagenesis using the Clontech Transformer Site-Directed
Mutagenesis Kit, according to the manufacturer’s direc-
tions, or by PCR-based mutagenesis (Higuchi et al., 1988)
using the high-fidelity Vent polymerase (New England
Biolabs). In order to construct the L mutants L1361C and
L1361Y utilizing a smaller section of the gene, silent
unique SalI and NotI restriction sites were first inserted
into the wt Sendai L clone at nt 4155 and 4521, respec-
tively, between domains V and VI. This was done by
plasmid-based mutagenesis of a pBS (KSII1) (Stratagene)
lone containing the SacI to XhoI (nt 3494 to 4909) region
f the L Sendai L gene, using the two mutagenic primers
M433 (59CCCCCCAAGGTCGACATTAGATTTAGAG) and
AL.M434 (59GGCTTAAACATCAGCGGCCGCGAAGAAATAT-
GGG) along with the selection primer SM432 (59GT-
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IN SEGACTGGTGAGGCCTCAACCAAGTC), which changes a
unique ScaI site in the vector to a StuI site. Potential
utant clones were identified by PCR amplification of the
ubcloned region followed by digestion of the resultant
roducts with SalI and NotI. A clone with the correct new
ites was sequenced across the entire SacI to XhoI
egion, which was then subcloned into pGEM-L at those
ites. pGEM-L (SalI1/NotI1) was shown to be wt for
olymerase function (data not shown).
The Sendai mutants L1361C and L1361Y were gener-
ted by plasmid-based mutagenesis of the pBS SacI–
alI–NotI–XhoI clone, using the selection primer SM432
nd specific mutagenic oligonucleotide primers (se-
uences available upon request). For selection pur-
oses, each mutagenic primer also contained either a
ew silent restriction site or a silent deletion of a natu-
ally occurring site. Potential mutant clones were identi-
ied by PCR amplification of the subcloned region fol-
owed by digestion of that product with the new, differ-
ntiating enzyme. The correct clones were sequenced
cross the SacI–SalI region, and this fragment was sub-
loned back into the full-length pGEM-L (SalI1/NotI1)
lasmid at those sites.
In a similar manner, a region was subcloned from a wt
endai L clone which had a unique RsrII restriction site
nserted at nt 2741, between domains III and IV (Feller et
l., 2000). From the RsrII1 L clone, the AvrII to SacI (nt
203 to 3494) region was subcloned into pBS-SK at the
baI to SacI sites for plasmid-based mutagenesis. The
utants Y942H and L992F were generated by plasmid-
ased mutagenesis of the pBS AvrII–RsrII–SacI sub-
lone, using the SM432 selection primer and specific
utagenic oligonucleotide primers (sequences available
pon request). Again, potential mutant clones identified
y restriction digestion of PCR products were verified by
equencing prior to being subcloned back into the full-
ength pGEM-L (RsrII1) plasmid using the RsrII and SacI
sites.
Finally, the mutants L1558T and L1558I were made by
PCR-based mutagenesis using Vent polymerase. For
each, complementary mutagenic primers and two out-
side primers (sequences available upon request) were
used with pGEM-L (SalI1/NotI1) as the template. The
verlapping PCR products were purified, mixed, and
oined by amplification using only the outer primer pair.
he resultant PCR product was digested at the SalI and
hoI sites, the fragment cloned into those sites in
GEM-L (SalI1/NotI1), and the new clone verified by
sequencing.
PIV3 CAT minigenome assay
HEp-2 cells (in 35-mm dishes) were infected with-
V V T 7 at a multiplicity of infection (m.o.i.) of 10 PFU/cell
ts L MUTATIONSand transfected with wt pTM(P) (0.4 mg), pTM(N) (0.4 mg),
wt or mutant pTM(L) (0.05 mg), and the CAT minigenomeplasmid (0.4 mg) in LipofectACE (Life Technologies). The
ells were incubated at the temperatures indicated in
ig. 2 for 44 h. The cells were scraped and pelleted,
ashed with 1 ml of 40 mM Tris, pH 7.5, 1 mM EDTA, 150
M NaCl, and resuspended in 500 ml of 0.25 M Tris, pH
7.5. The lysate was prepared by three cycles of freeze–
thaw and clarified by centrifugation. One microliter of
lysate was assayed for the ability to acetylate D-threo[di-
chloroacetyl 1-14C]chloramphenicol (Amersham Pharma-
cia Biotech) using a conventional assay (Gorman et al.,
1982). Acetylation was visualized by thin-layer chroma-
tography and quantified on a phosphorimager.
PIV3 and Sendai virus transcription in vitro
For PIV3 mRNA synthesis A549 cells in 60-mm dishes
were infected with V V T 7 at a m.o.i. of 2.5 PFU/cell for
1 h at 37°C. The infected cells were washed with PBS
and transfected with PIV3 pTM(P) (0.45 mg) and wt or
mutant pTM(L) (0.15 mg) in lipofectin in Opti-MEM (Life
Technologies) and incubated at 31° or 39.6°C for 40 or
18 h posttransfection, respectively. Cytoplasmic extracts
(100 ml) were prepared using the lysolecithin procedure
as described by De et al. (1990), except that NH4Cl was
at 150 mM instead of 50 mM. The extracts were treated
with micrococcal nuclease (12 mg/ml) in 1 mM CaCl2 for
0 min at 30°C, EGTA (2.2 mM) was added, and they
ere then incubated with high-salt-treated PIV3 RNA-N
emplate (2 mg) and [a32P]CTP (20 mCi) for 2 h at 30°C.
For Sendai mRNA synthesis, A549 cells in 60-mm
ishes were infected with V V T 7 as above, transfected
ith Sendai Pstop (1.5 mg) and the wt or mutant L (0.5 mg)
lasmids, and incubated at the different temperatures as
ndicated in the figures. At 18 h posttransfection for cells
ncubated at 37° and 39.6°C and 40 h for those at 31°C,
ytoplasmic extracts (100 ml) were prepared using the
ysolecithin procedure and incubated with wt Sendai
NA-NP template (1 mg) and [a32P]CTP (20 mCi) for 2 h at
30°C as described by Chandrika et al. (1995). The total
labeled transcription products from the Sendai or PIV3
templates were purified with RNeasy columns (Qiagen),
ethanol precipitated, and analyzed by electrophoresis on
1.5% agarose–acid–urea gels. The products were visual-
ized by autoradiography and quantitated using a Phos-
phorImager (Molecular Dynamics).
Sendai virus DI-H replication
For in vitro replication analysis, V V T 7-infected A549
cells were transfected at 1 h postinfection with Pstop (5
mg), NP (2 mg), and wt or mutant L (0.5 mg) plasmids and
incubated at different temperatures as above. Cytoplas-
mic cell extracts (100 ml) were supplemented with DI-H
NA-NP template (2 mg) and 50 mCi [a32P]CTP and in-
cubated for 2 h at 30°C. The labeled samples were
199NDAI AND PIV3micrococcal nuclease treated to degrade all nucleic ac-
ids except encapsidated replication products. The RNA
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2 ER ETwas purified on RNeasy columns, separated on aga-
rose–acid–urea gels, visualized, and quantitated. For in
vivo replication V V T 7-infected A549 cells were trans-
fected as above with the addition of pSPDI-H (2.5 mg)
and incubated at different temperatures as above. Cyto-
plasmic cell extracts were prepared and micrococcal
nuclease treated. The unlabeled nuclease-resistant
products were purified and separated on agarose–acid–
urea gels. The RNA was transferred to nylon membranes
and (2) strand DI-H replication products were detected
using an internally labeled full-length (1) sense DI-H
riboprobe (Feller et al., 2000). For both transcription and
replication, since the day of the multiple experiments, the
template, and the age of the radiolabel as well as the
exposure times were all different, one cannot directly
compare the absolute amounts of wt L at the different
temperatures and for this reason the data are presented
as a percentage relative to wt L as 100% at each tem-
perature.
Viral protein synthesis
Viral protein synthesis was monitored by radiolabeling
or immunoblot analysis. For radiolabeling analysis for
Sendai proteins, V V T 7-infected cells (in 35-mm dishes)
were transfected with 1.5 mg of both Sendai P/C and the
t or mutant L plasmids. For PIV3 proteins, infected cells
ere transfected with 1 mg of both PIV3 pTM(P) and wt or
utant pTM(L). The cells were incubated at the temper-
tures indicated in each figure and at 4 h posttransfec-
ion the cells were labeled for 18 h with 90 mCi/ml
xpress-35S (NEN Life Science Products) in cysteine/
ethionine-free Dulbecco’s MEM (Mediatech) supple-
ented with 10% MEM (Life Technologies). Samples of
ytoplasmic cell extracts were analyzed directly by 7.5%
DS–PAGE and autoradiography. For immunoblot analy-
is of Sendai NP and/or P synthesis, samples (10 ml) of
the extracts were separated by 7.5% SDS–PAGE and
transferred to nitrocellulose. The blots were incubated
with rabbit a-SV and a-P peptide primary antibodies
ollowed by a horseradish peroxidase-conjugated goat
nti-rabbit secondary antibody. The proteins were de-
ected by chemiluminescence (ECL, Amersham Pharma-
ia Biotech) according to the manufacturer’s protocol.
ifferent experiments were done with different dilutions
f the anti-P and anti-SV antisera with different exposure
imes, so the intensities of the bands cannot be directly
ompared between experiments, only within the same
xperiment.
ACKNOWLEDGMENT
Part of this work was supported by NIH Grant AI 14594 (S.A.M.).
REFERENCES
Carlsen, S. R., Peluso, R. W., and Moyer, S. A. (1985). In vitro replication
00 FELLof Sendai virus and defective interfering particle genome RNAs.
J. Virol. 54, 493–500.
K
Lhandrika, R., Horikami, S. M., Smallwood, S., and Moyer, S. A. (1995).
Mutations in conserved domain I of the Sendai virus L polymerase
protein uncouple transcription and replication. Virology 213, 352–
363.
Curran, J., Boeck, R., and Kolakofsky. D. (1991). The Sendai virus P gene
expresses both an essential protein and an inhibitor of RNA synthe-
sis by shuffling modules via mRNA editing. EMBO J. 10, 3079–3085.
urran, J., Pelet, T., and Kolakofsky, D. (1994). An acidic activation-like
domain of the Sendai virus P protein is required for RNA synthesis
and encapsidation. Virology 202, 875–884.
e, B. P., Galinski, M. S., and Banerjee, A. K. (1990). Characterization of
an in vitro system for the synthesis of mRNA from human parainflu-
enza virus type 3. J. Virol. 64, 1135–1142.
urbin, A. P., Siew, J. W., Collins, P. L., and Murphy, B. R. (1997).
Minimum protein requirements for transcription and RNA replication
of a minigenome of human parainfluenza virus type 3 and evaluation
of the rule of six. Virology 234, 74–83.
Feller, J. A., Smallwood, S., Horikami, S. M., and Moyer, S. A. (2000).
Mutations in conserved domains IV and VI of the large (L) subunit of
the Sendai virus RNA polymerase give a spectrum of defective RNA
synthesis phenotypes. Virology 269, 426–439.
Fuerst, T. R., Niles, E. G., Studier, F. W., and Moss, B. (1986). Eukaryotic
transient-expression system based on recombinant vaccinia virus
that synthesizes bacteriophage T7 RNA polymerase. Proc. Natl.
Acad. Sci. USA 83, 8122–8126.
Gorman, C. M., Moffat, L. F., and Howard, B. H. (1982). Recombinant
genomes which express chloramphenicol acetyl transferase in mam-
malian cells. Mol. Cell. Biol. 2, 1044–1051.
Higuchi, R. (1990). Recombinant PCR. In “PCR Protocols: A Guide to
Methods and Applications” (M. A. Innis, D. H. Gelfand, J. J. Sninsky,
and T. J. White, Eds.), pp. 177–183. Academic Press, New York.
Horikami, S. M., Curran, J., Kolakofsky, D., and Moyer, S. A. (1992).
Complexes of Sendai virus NP-P and P-L proteins are required for
defective interfering particle genome replication in vitro. J. Virol. 66,
4901–4908.
orikami, S. M., and Moyer, S. A. (1995). Alternative amino acids at a
single site in the Sendai virus L protein produce multiple defects in
RNA synthesis in vitro. Virology 211, 577–582.
unt, D. M. (1983). Vesicular stomatitis virus mutant with an altered
polyadenylic acid polymerase activity in vitro. J. Virol. 46, 788–799.
unt, D. M., and Hutchinson, K. L. (1993). Amino acid changes in the L
polymerase protein of vesicular stomatitis virus which confer aber-
rant polyadenylation and temperature-sensitive phenotypes. Virology
193, 786–793.
unt, D. M., Smith, E. F., and Buckley, D. W. (1984). Aberrant polyade-
nylation by a vesicular stomatitis virus mutant is due to an altered L
protein. J. Virol. 52, 515–521.
utchinson, K. L., Herman, R. C., and Hunt, D. M. (1992). Increased
synthesis of polycistronic mRNA associated with increased polyad-
enylation by vesicular stomatitis virus. Virology 189, 67–78.
uhasz, K., Murphy, B. R., and Collins, P. L. (1999a). The major attenu-
ating mutations of the respiratory syncytial virus vaccine candidate
cpts530/1009 specify temperature-sensitive defects in transcription
and replication and a non-temperature-sensitive alteration in mRNA
termination. J. Virol. 73, 5176–5180.
uhasz, K., Whitehead, S. S., Boulanger, C. A., Firestone, C.-Y., Collins,
P. L., and Murphy, B. R. (1999b). The two amino acid substitutions in
the L protein of cpts530/1009, a live-attenuated respiratory syncytial
virus candidate vaccine, are independent temperature-sensitive and
attenuation mutations. Vaccine 17, 1416–1424.
uhasz, K., Whitehead, S. S., Bui, P. T., Biggs, J. M., Boulanger, C. A.,
Collins, P. L., and Murphy, B. R. (1997). The temperature-sensitive (ts)
phenotype of a cold-passaged (cp) live attenuated respiratory syn-
cytial virus vaccine candidate, designated cpts530, results from a
single amino acid substitution in the L protein. J. Virol. 71, 5814–5819.
AL.ingsbury, D. W. (1991). “The Paramyxoviruses.” Plenum, New York.
amb, R. A., and Kolakofsky, D. (1996). Paramyxoviridae: The viruses
MP
P
R
S
S
S
S
S
W
IN SEand their replication. In “Fundamental Virology” (B. M. Fields, D. M.
Knipe, and P. M. Howley, Eds.), 3rd ed., pp. 577–604. Lippincott–
Raven, Philadelphia.
yers, T. M., and Moyer, S. A. (1997). An amino-terminal domain of the
Sendai virus nucleocapsid protein is required for template function in
viral RNA synthesis. J. Virol. 71, 918–924.
och, O., Blumberg, B. M., Bougueleret, L., and Tordo, N. (1990). Se-
quence comparison of five polymerases (L proteins) of unsegmented
negative-strand RNA viruses: Theoretical assignment of functional
domains. J. Gen. Virol. 71, 1153–1162.
ringle, C. R. (1991). The genetics of paramyxoviruses. In “The
Paramyxoviruses” (D. W. Kingsbury, Ed.), pp. 1–36. Plenum, New York.
ay, R., Galinski, M. S., Heminway, B. R., Meyer, K., Newman, F. K., and
Belshe, R. B. (1996). Temperature-sensitive phenotype of the human
parainfluenza virus type 3 candidate vaccine strain (cp45) correlates
with a defect in the L gene. J. Virol. 70, 580–584.
idhu, M. S., Menonna, J. P., Cook, S. D., Dowling, P. C., and Udem, S. A.
(1993). Canine distemper virus L gene: Sequence and comparison
with related viruses. Virology 193, 50–65.
kiadopoulos, M. H., Durbin, A. P., Tatem, J. M., Wu, S.-L., Paschalis, M.,
ts L MUTATIONSTao, T., Collins, P. L., and Murphy, B. R. (1998). Three amino acid
substitutions in the L protein of the human parainfluenza virus type3 cp45 live attenuated vaccine candidate contribute to its tempera-
ture-sensitive and attenuation phenotypes. J. Virol. 72, 1762–1768.
kiadopoulos, M. H., Surman, S. R., St. Claire, M., Elkins, W. R., Collins.,
P. L., and Murphy, B. R. (1999). Attenuation of the recombinant human
parainfluenza virus type 3 cp45 candidate vaccine virus is aug-
mented by importation of the respiratory syncytial virus cpts530 L
polymerase mutation. Virology 260, 125–135.
mallwood, S., Easson, C. D., Feller, J. A., Horikami, S. M., and Moyer,
S. A. (1999). Mutations in conserved domain II of the large (L) subunit
of the Sendai virus RNA polymerase abolish RNA synthesis. Virology
262, 375–383.
tokes, A., Tierney, E. L., Sarris, C. M., Murphy, B. R., and Hall, S. L.
(1993). The complete nucleotide sequence of two cold-adapted,
temperature-sensitive attenuated mutant vaccine viruses (cp12 and
cp45) derived from the JS strain of human parainfluenza virus type 3
(PIV3). Virus Res. 30, 43–52.
hitehead, S. S., Firestone, C.-Y., Karron, R. A., Crowe, J. E., Jr., Elkins,
W. R., Collins, P. L., and Murphy, B. R. (1999). Addition of a missense
mutation present in the L gene of respiratory syncytial virus (RSV)
201NDAI AND PIV3cpts530/1030 to RSV vaccine candidate cpts248/404 increases its
attenuation and temperature sensitivity. J. Virol. 73, 871–877.
